Carbon dioxide storage leads of the eastern Gippsland Basin, Australia—Terminology, seal and structure considerations in trap integrity assessments  by Sayers, J. et al.
Available online at www.sciencedirect.com





Carbon dioxide storage leads of the eastern Gippsland Basin, 










aCooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) 
Australian School of Petroleum, The University of Adelaide, Adelaide, SA 5005, Australia 
bGeoscience Australia, GPO Box 378, Canberra, ACT 2601, Australia 
cDeep Exploration Technologies Cooperative Research Centre (DETCRC) 
 Mawson Laboratories, The University of Adelaide, Adelaide, SA 5005, Australia 
dOphir Exploration Consultants Pty Ltd, PO Box 394, Willunga, SA 5172, Australia 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Geotechnical assessments of carbon dioxide (CO2) storage sites in the Gippsland Basin have mainly focussed on 
interpreting stratigraphy, reservoir/seal characteristics, and populating geo-models using one dimensional (1D) well 
data. Less emphasis has been placed on ascertaining the openness of the fluid-flow pathway that could be 
anticipated for CO2 migrating within a trap, and using 3D seismic data to interpret any associated faults. This study 
addresses the structural and seal complexities involved in the assessment of CO2 storage leads (CO2SL) that are 
proximal to producing petroleum fields where, the data control is optimal and the geology well constrained. 
The study area is located in the eastern Gippsland Basin, southeast Australia, where we illustrate the concepts 
introduced and also undertake a fault seal analysis. To assist in the assessment of CO2SLs, we also introduce new 
terminology including flow-path distance, flow-path height, sweep area and fluid-flow cell.
In the eastern Gippsland Basin, across-fault sand-on-shale contacts are unlikely to be maintained for fault planes that 
extend up to 20 km along strike; reservoir intervals are also exceptionally sandy. The trap integrity of the CO2SLs
studied is likely to be acceptable on condition of a continuous shale smear being present. In the case where sealing 
by shale smear is considered, mercury injection capillary analyses (MICP) have independently confirmed that the 
clays of intra-formational seals have mineralogies capable of holding back significant injected columns of CO2. The 
majority of fault azimuths range from 095 to 140˚N and are susceptible to fault reactivation as a result of being sub-
parallel to one of the conjugate directions of shear failure; the latter estimated using a maximum shear stress azimuth 
of 139˚N. However, the sinuous fault planes, possibly rugose in part, have azimuths varying up to ± 55˚, which could 
make fault reactivation less likely as a result of increased shear resistance being anticipated. Finally, the low faulting 
density interpreted within fluid-flow cells provides some assurance for the unimpeded fluid flow of CO2.
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Introduction 
Early geotechnical assessments of CO2 storage potential in Australian basins have been regional in scale [1]. Later 
assessments integrated the geological modelling of injectivity, containment and storage capacity, economic 
modelling, numerical flow simulation, risk and uncertainty analysis, and used a stratigraphic depositional model as a 
base model [2]. The modelling of containment incorporated a simplified geomechanical analysis, a study of the seal 
capillary retention capacity, and consideration of the hydrodynamic system. Carbon dioxide storage sites were 
mostly conceptual and delineated using 2D seismic data; trapping invoked residual, dissolution, structural–
stratigraphic and mineralogical trapping along lengthy CO2 migration pathways, some in excess of 50 km [3]. The 
terminology used was suited to a regional assessment; the new terminology introduced here is purpose-fitted to the 
scale of a CO2SL.
The original study area is 50 by 33 km but only the results from a subarea (26 by 17 km) are presented here. The 
clastic sediments of the Gippsland Basin’s Latrobe Group (Late Cretaceous–Early Eocene) were deposited in a 
rifted margin setting; those sediments located within the study area form part of the mid-section of the clastic 
wedge, where the shale lithology is intermediate in proportion. The Latrobe Group is overlain by the 2 km thick 
carbonate section of the Seaspray Group. Multiple phases of faulting occurred during deposition of the Latrobe 
Group and, post-Oligocene reactivation of these faults has been demonstrated on the basin edges [4]. A regional 
seismic reflection interpretation together with one field-scale 3D interpretation record the presence of en-echelon
faults, splays and faults offset by ramps; these differ from the simplistic fault geometries previously interpreted. In 
the case study represented here, faults are interpreted from an industry-standard 3D seismic dataset where the 
variance attribute has been generated at a crossline/inline interval of 25 m. Critical factors associated with both a 
structural and fault seal analysis are summarised in figure 1. 
Figure 1. Conceptual representation of a faulted anticline showing factors to be considered when undertaking a fault 
seal analysis, and assessing the trap integrity, with the view to optimising the emplacement of CO2 injectors. 
Terminology
The terminology introduced in this study extends terminology that is traditionally used by the petroleum industry. 
For example, the term ‘carbon dioxide storage lead’ (CO2SL) is defined here as ‘a potential geological storage site 
for CO2 that has closures and traps partially proven within interlinked fluid-flow cells, but where injectivity and 
containment have not, as yet, been comprehensively assessed’. In the case where injectivity and containment have 
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been assessed, the term ‘carbon dioxide storage prospect’ (CO2SP) is used. Traps within a CO2SL/CO2SP would be 
stratigraphic, structural or hydrodynamic in nature, with residual and dissolution trapping mechanisms also 
operative along the migration pathway. In contrast, the petroleum industry uses the term ‘lead’ in the context of a 
potential drilling target that has a closure only partially proven up (i.e. 3-way dip closure), or fully proven up (i.e. 4-
way dip closure). 
The term migration pathway has been normally used to associate a pathway at a basin or sub-basin scale [2, 3]. In 
this study, the terms ‘flow-path distance’, ‘flow-path height’, ‘sweep area’ and ‘fluid-flow cell’ are introduced in 
order to use assessment terms that are appropriate to the scale of a CO2SL/CO2SP (Figure 2). The flow-path distance 
and flow-path height are defined here as: ‘the maximum inline distance and height respectively, originating from a 
CO2 injector located downdip of a trap and extending to the crest of the structure’. The flow-path distance and flow-
path height can extend outside of the trap’s ‘lowest closing contour’ (LCC). However, the structural gradient is also 
used to verify that any CO2 would almost certainly migrate within the greater closure of the trap, to eventually pool 
at the crest. Any CO2 plume, would in reality, take a convoluted pathway through the reservoir so that the actual 
flow-path distance would always be longer than the inline flow-path distance (Figure 2). One benefit of estimating 
flow-path distances and heights at multiple seismic horizons is that these can be used to compare and rank CO2SLs 
Figure 2. Conceptual representation of a faulted anticline portraying the criteria used to rank CO2SLs. 
in the early stages of an assessment. The level of interconnectivity in the CO2SL’s fluid-flow cells can be 
qualitatively anticipated by interpreting the faults present within the sweep area. The fluid-flow cell is equivalent to 
the concept of a drainage cell that is used by the petroleum industry. The term sweep area is only used here for 
comparison purposes only; no inference is made to what part of the reservoir would be swept. The concept of 
ranking a CO2SL by considering its sweep area could be expanded by considering its sweep volume – the latter is 
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more difficult to quantify and would form part of a later stage of a geotechnical assessment. Lastly, the sweep area 
that lies outside of the LCC still forms part of a CO2SL as it increases a CO2SL’s storage potential and ranking. 
Structure 
The majority of faults located within the study area trend WNW–ESE and dip to the SSW. Throws range up to 
100 m over the reservoir intervals. Fault trace lengths range up to 20 km (Figure 3), with azimuths varying by up to 
± 55˚ along any one fault trace. The lateral (Fresnel Zone) and vertical seismic resolution average 480 m and 12 m, 
respectively; at the average reservoir depth of 2500 m. These resolution limits inherently restrict the assurance of 
trap integrity in any assessment because of subseismic faults and joints that may be present, but remain undetected. 
However, in the case of assessing the likeliness of trap breach via the fault tip, the uncertainty can be reduced by 
analysing faults from a large dataset. In this study, over 95 % of the 200 faults interpreted do not extend into the top 
seal thereby favouring trap integrity. However, a few faults (e.g. F55, F56, upper central in Figure 3) do arrest 
marginally higher within intra-formational seals (i.e. thief zones are possibly present), although not across the entire 
length of the upper tip-line bound. Two kilometres of overlying carbonate section do, however, provide further 
assurance of trap integrity. 
Figure 3. Depth structure at one reservoir horizon with representative flow-paths displayed for CO2SLs 1 to 3. 
Legend: SHmax – maximum shear stress azimuth (139˚ [5]), yellow lines are conjugate directions for shear failure [6]. 
CO2SLs and fluid-flow cells 
Twelve CO2SLs and 40 fluid-flow cells are identified within the study area; fault controlled closures, including 
faulted rollovers, faulted subcrops and fault traps predominate, although rollovers, stratigraphic pinchouts and 
subcrop traps are also present. The flow-path distances range from 1.8 to 14.3 km, and flow-path heights from 50 m 
to 1 km. The potential sweep areas within the LCCs can be considerable, up to 63 km2, although they range from 
less than 1 km2. Representative values for three CO2SLs (Figures 3–4) indicate that CO2SL-2 is ranked above 
CO2SL-1 and CO2SL-3. These three CO2SLs comprise the study subarea where a fault seal analysis was undertaken. 
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The three CO2SLs are bounded by lengthy faults (i.e. F6, F14, F19–20, F55–56, F120 and F165) and incorporate 
secondary faults that may potentially act as baffles to fluid-flow. 
The end-points of the flow-path are estimated from depth structure maps at different seismic horizons (Figure 3). 
The associated fluid-flow cells are differentiated by taking into account changes in the structural gradient and 
contour direction. In some fluid-flow cells, CO2 may still migrate outside of the cell via a relay ramp or a soft-linked 
branch-line (e.g. area 1, Figure 3). Flow-paths can also intersect and/or run sub-parallel to the footwall (e.g. area 3, 
Figure 3). In the latter case, it becomes important to model the fault seal integrity along the anticipated flow-path. 
The optimal location for CO2 injectors would be at the deeper end of the flow-path in order to maximize CO2
storage containment. In the study subarea, the across flow-path faulting intensity (ignoring subseismic faults) is 
relatively low but does exist in part (e.g. area 2, Figure 3). 
Figure 4. Estimates of flow-path height/distance and sweep area for fluid-flow cells shown in Figure 3. 
Fault seal analysis 
We now consider fault seal analysis in order to estimate the seal integrity at the lead scale (CO2SL). Specifically, we 
commence with juxtaposition analysis to estimate the sand-on-sand and sand-on-shale windows using volume of 
shale curves (Vshale). The latter were generated from the gamma-ray log and projected onto the fault planes using the 
TrapTesterTM software. The resultant banded rendering depicts an average Vshale of less than 0.35 across about 85–
90 % of the fault plane, an average Vshale of 0.35–0.45 across 5–10 %, and an average Vshale up to 0.75 for 0–5 % 
(Figure 5a). A Vshale of 0.45 was taken as a cut-off between sandstone and shale based on matching the Vshale to core 
[6]. The banded rendering suggests that the continuity of sand-on-shale windows along strike is unlikely, with 
reservoir intervals being most likely self-juxtaposed across large portions of the fault planes. However, across-fault 
sealing could still occur by invoking shale smear. 
We now investigate whether the fault planes could be sealed by shale smear by making use of the shale gouge ratio 
(SGR). About 15 % of the banded rendering was found to have a SGR of less than 0.15, with 60 % of the rendering 
in the range of 0.15–0.25, and 25 % ranging up to 0.5 (Figure 5b). An SGR in excess of 0.2 is often taken as being 
indicative of non-transmissivity [7]. The above shows that potential exists for sealing fault planes by shale smear, 
assuming shale is entrained into the fault. However, breach of trap could still occur as a result of fault reactivation. 
The differential pore pressure (delta-P) required to reactivate a fault was modelled using the following in situ stress 
field (principal stresses: SHmin, SHmax, SV – 20, 42, 21 MPa/km, [5]) with pore pressure set at 10 MPa/km (figure 5c). 
The in situ stress field used reflects a transitional reverse to strike-slip fault regime. The rock properties used (i.e. 
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coefficient of friction = 0.75, cohesion = 2 MPa) reflect a semi-hard rock where the average percentages of 
sandstone/shale/other were estimated at 81/10/9 %, respectively (i.e. derived from petrophysics, [6]). 
Figure 5. Fault seal analysis ouputs. (a) Vshale attribute, coloured lines pertain to seismic horizons, the Vshale curve is 
shown for Ep-1. (b) SGR attribute. (c) Delta-P (spot azimuths and delta-Ps are shown). 
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The lower delta-Ps (i.e. 3, 6 MPa) on fault F56 indicate that the fault has a higher susceptibility to reactivate in 
comparison to fault F55 (i.e. 5, 9, 11 MPa, figure 5c). Representative strike azimuths for fault F56 (i.e. 121˚N, 
140˚N) are less favourably orientated relative to the maximum shear stress direction (SHmax) of 139˚N than the strike 
azimuths pertaining to fault F55 (i.e. 94˚N, 101˚N, 103˚N). The propensity of many of the faults in the study area to 
reactivate was found to be high as a result of these having azimuths in the range of 095–140˚N, being subparallel 
with one conjugate direction of shear failure. A branch-line is also more susceptible to reactivation and dependant 
on the lower of the delta-Ps modelled on the associated fault planes. The latter point is particularly pertinent to the 
study area where the majority of branch-lines are interpreted as hard-linked. 
In the absence of direct evidence from fault surface rocks, proving the occurrence of fault gouge will need to rely, in 
part, on detailing the mineralogy of the seals. Because the latter is unavailable, the mineralogy of depositional 
analogues of the seals has been substituted in order to infer the ductility of clay or shale that may become entrained 
along the fault surface and so form shale smear. The intra-formational seals being considered belong to the Kingfish 
and Mackerel Formations. The depositional environments of the Kingfish Formation range from tidal to inner shelf 
(shallow marine); an outer shelf environment is more representative for the Mackerel Formation. 
The seal lithologies vary from very fine sandy mudstones to argillaceous siltstones in the Kingfish Formation with 
slightly calcareous mudstones for the Mackerel Formation. The dominant mineralogy is kaolinite with subdominant 
quartz and minor illite (table 1, [8]). The presence of clays in the mudstones indicates that the seal rocks sampled 
would be relatively ductile in contrast to the brittleness of siltstones, sandstones or limestones; as demonstrated from 
published seal integrity diagrams [9]. Average porosities (for the seal depositional environments) range from 5.8 to 
7.8 % (derived from MICP analyses) [8]. 
Supercritical CO2 (scCO2) column (retention) heights obtained from MICP analyses have been estimated for the seal 
rocks of the Gippsland Basin; these range from 53 to 962 m [2]. The average scCO2 retention heights for the seals of 
this study area are high (table 1), implying that the associated mineralogies/lithologies are suitable for retaining 
significant columns of scCO2. The average and 1
st and 3rd quartiles (calculated to exclude outlier values) are based 
on 40 samples; see Table 1. 
Table 1. scCO2 retention heights and mineralogies pertaining to seals rocks considered in this study. 
Non-wetting retention heights for scCO2 (m) Depositional 
environment 1
st




(in order of abundance) 
Outer shelf 453 633 671 k > q> i > (sm, ch, c) 
Inner shelf 35 220 255 k > q >(i=sm=m=c)>(ch, f)
Tidal 83 395 677 k = q > i > (f, d, c) 
k – kaolinite; i – illite; q – quartz; sm – smectite; ch – chlorite; c – calcite; m – mica; f – feldspar; d – dolomite 
Discussion
The few terms introduced in this study only represent a fraction of the terms that are needed to properly convey the 
ideas and communicate the results at the scale of a CO2SL/CO2SP. Ultimately, a nomenclature is required to take 
into account both the different methodologies and assessment approaches, used to interpret and rank 
CO2SLs/CO2SPs in different basin settings; similar to what had been done in earlier geotechnical assessments [1]. 
A certain degree of subjectiveness still remains regarding ascertaining the transmissivity of CO2 across fault 
surfaces. Specifically, the use of the SGR to predict sealing and estimate CO2 retention heights, should ideally be 
ground-truthed against known hydrocarbon columns. Similarly, proving the presence of fault gouge in known fault 
dependant hydrocarbon accumulations would further support the potential of sealing by shale smear. It is 
encouraging that the CO2 retention potential of intra-Latrobe Group top seals has been shown to be considerable [2]; 
independently confirmed by the large hydrocarbon columns seen in several nearby petroleum fields. 
Multi-branched fault traps were modelled and found to have a greater propensity for leakage. High-sinuosity and 
lengthy fault surfaces with azimuths varying by up to ± 55˚ were found to be locally susceptible to fault reactivation 
based on the modelling of delta-P. The azimuth of the dominant fault trend was previously shown to be subparallel 
to one conjugate direction of shear failure, thus making faults susceptible to reactivation [5]. This latter study 
incorporated both cohesionless and healed faults in the modelling, although the fault trends where only constrained 
by 2D seismic data; the delta-Ps estimated are only indicative of the relative risk of fault reactivation potential. It 
follows that the more complex fault trends (i.e. sinuosity, branch-lines, splays) interpreted in the present study 
warrant additional fault reactivation modelling. Ultimately, branch-lines, fault plane sinuosity (including rugosity) 
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and across fault-block faulting play a fundamental role in CO2 containment, as was also found in non-CO2 related 
projects [10]. In another case study, the introduction of six permeable faults in a generic numerical flow simulation 
model decreased the CO2 injection rates by 14 to 16 % [11], thus having impact on the economics of projects. 
Conclusions 
Twelve CO2SLs and 40 fluid-flow cells have been identified in the study area; many cells have significant storage 
potential based on measured flow-path distances, flow-path heights and sweep areas. The low faulting density 
within CO2SLs provides further assurance that migrating CO2 will be unimpeded by vertical baffles, thus promoting 
the viability of CO2 storage. It follows that an integrated geological modelling–numerical flow simulation can now 
be considered in order to potentially increase the ranking of a CO2SL to a CO2SP, and beyond, to a potential 
commercial CO2 storage project. 
The fault analysis indicates that reservoir intervals are unlikely to be suitably juxtaposed as evidenced from the 
numerous sand-on-sand contacts that extend across large portions of the fault planes. Sealing by shale smear is 
required and may indeed have potential as indicated from the modelled SGR rendering patterns. The MICP analyses 
have independently confirmed that clays from intra-formational seals have mineralogies capable of supporting CO2
columns. The sinuosity of some bounding faults would make these less likely to be reactivated as a result of 
increased shear resistance being anticipated and, thus, benefit trap integrity. Ultimately, the sandy Latrobe Group 
reservoirs and the established fault traps have CO2 storage potential. However, it would be difficult to demonstrate 
and/or substantiate the continuity of across-fault sealing for any fluid-flow cell because of the inherent limitation of 
the Vshale/SGR curves and well distribution available to the fault seal analysis. 
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